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ABSTRACT 

Proton-proton and proton-deuteron elastic scat- 

tering has been measured for incident proton laboratory 

energy from 50 to 400 GeV. Both reactions were inves- 

tigated by detection of the recoil particles. The 

minimum ] tl value in the p-p data was 0.0005 (GeV/c)’ 

and O.O008(GeV/c)’ for the p-d data; values which lie 

within the Coulomb region. From these experiments 

we have determined the ratios of the real part to 

imaginary part of the forward scattering amplitude, 

ppp and P pd, for P-p and p-d scattering. We find that 

pPP 
and ppd show systematic differences that are ex- 

plicable in terms of a model which assumes P = P 
PP pn’ 

Using a Glaober approach and a sum of exponentials 

for the deuteron form factor we obtain ppn for p-n 

scattering. 



-3- 

1. INTRODUCTION 

Previous experiments at the Fermi National Accelerator 

Laboratory have yielded measurements of the ratio of the real 

part to imaginary part of the forward scattering amplitude, 

opp, for pp elastic scattering”’ as well as the slope of the 

forward diffraction peak, b, of p-p’ and p-d elastic scatter- 

ing.’ Recent measurements have been reported from the ISR at 

CBRN on p 
PP 

and the resultant dispersion relation implications 

On =PP 
at ultra high energies.’ Additional measurements at 

Serpukhov on p-d elastic scattering below 70 GeV have yielded 

a parameterisation of the heuteron form factor IS(t and the 

,ratio of the real part to imaginary part P 
pd’ 

for p-d scatter- 

irIg.“ Further analysis using a Glauber approach has resulted 

in values reported from the Serpukhov data from the ratio of 

the real part to imaginary part ppn,‘ for p-n scattering.’ 

We have extended these measurements to higher energies and 

with lower momentum transfer, 1 tl, further into the Coulomb and 

Coulomb-nuclear interference regions. It is observed that ppp 

rises and crosses through zero at approximately 335 GeV, a con- 

sequence and reflection of the rise in the total cross section. 

Isotopic spin invariance in strong interactions makes the predic- 

tion that asymptotically at high energie$ we would expect to 

find opp = D 
pn’ 

Our motivation was to test this prediction at 

high energies and in a single experimental setup. 

In Section II we describe the experiment and details of 

the analysis. In Section III we tabulate our p-p data at 52, 
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80, 199, 261, 303 and 398 GeV and our p-d data at 49, 82, 182, 

281, 379 and 397 GeV. In Section IV we discuss the results oE 

the fits and obtain values for the real part of the forward 

scattering amplitude for p-p and p-d scattering. In this section 

the deuteron is considered a single target particle. We discuss 

the energy dependence of (, 
PP 

and P. 
pd' 

In Section V we use the 

Glaubec approach to fit P 
P"' 

In Section VI we summarize our 

co"clusions. 

II. EXPERIMENTAL PROCEDURE AND APPARATDS 

Figure 1 is a schematic layout of the experiment. The cir- 

culating beam in the main ring of the Fecmilab accelerator inter- 

cepted a low density gas jet target of hydrogen or deuterium. 

Recoil particles were detected at a distance of 7.5 meters by 

sets of solid state silicon detectors. The detectors, detector - 

box, and ion guide were under vacuum and mounted on a movable 

assembly; the angle could be varied remotely. The detector, 

jet profile size, and 7.5 meters distance determine a" angular 

resolution of iD.8 mrad, a factor of 3 improvement over previous 

experiments.'-' 

The It Ivalues studied were 0.0005 < It 1 c 0.03 fGeV/c12 

for hydrogen, corresponding to recoil angles 11 < w ( 90 mrad 

and ranges in silicon 2 < R < 1600 vm. The It Ivalues for deu- 

teriuro were 0.0008 c It I( 0.08 (G&/c) 2 corresponding to recoil 

angles 8 c w c 75 mrad and ranges in silicon 3 < R < 1500 urn. 
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The typical jet operating paraineters were density 2 x 

10-O g/cm3, jet width (RMS) t 6 mm,,and jet pulse length 100 

msec. At this density and at 1 t I = .0006 {GeV/c)* (pp) or 1 t I 

= .OOl (GeV/c)' (pd) the correction to dz/dt due to multiple 

scattering of the outgoing recoil particle was about 3%. The 

Feemilab main circulating bean, had typical operating parameters: 

intensity 1.8 x 1013 protons/pulse, beam size 2 mm diameter. 

Data runs were taken simultaneously at different energy points 

along the magnetic ramp rise in the range 50 GeV < Elab < 400 

GeV . During the pp runs 3 jets/pulse were used; the pd data 

was obtained using 4 jets/pulse. The magnetic field in the 

accelerator was recorded eyery 30 msec, or every -4,GeV in the 

incident beam energy. 

The recoil protons or deuterons were detected by sandwiches 

of two solid-state detectors. The detectors used were totally 

depleted surface barrier silicon with typical dimensions 4 x 20 

2 mm. The front detectors ranged from 15 VIII to 250 pm thick and 

the back detectors from 200 w to 1500 urn. The recoil particle 

usually stopped in the back detector. For the lprest ) t 1 range 

the particle range was less than the thickness of the front 

detector. The detectors were movable remotely and set at varying 

angles during the experiment. Two stacks of detectors were per- 

manently fixed and were used to monitor the jet-beam interaction 

rate. 

A scbrmatic diagram of the electronics is shown in Fig. 2. 

Pulses from the detectors were' fed to preamplifiers and then 
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to amplifiers. The amplified,AP signal from a given front detector 

was discriminated and used to trigger a commercial CAMAC peak 

sensing ADC. During.readout of a stack the inputs to all other 

staclcs were inhibited. Thus all channels had the same percentage 

dead time (2 3%). 

The ADC’s for the front and back detectors were each sup- 

plemented with a TDC which measured the time difference between 

the front and back detector.signals. The scanner scanned the 

ADC and TDC outputs, and these outputs plus stack identification 

bits were stored as two CAMAC words in one of two fast 64 word 

buffer memory units. When one buffer memory unit was full it 

was disabled and read into a PDP-11 computer. During this time 

the other buffer memory unit was enabled and data collection 

continued without interruption. After storage on a magnetic 

‘disk, events were written onto a magnetic tape for permanent 

storage. In addition, the computer generated the gates and tim- 

.ing for the experiment, event histograms, stack display patterns, 

beam spill histograms, and calibration tasks. Typical data rates 

were 1,000 events per jet pulse distributed over 8 detector 

stacks. 

The linearity of the electronics was checked by sending 

test pulses into test inputs of the preamps and recording the 

output pulse heights. The ADC integral linearity was 0.2%. 

The differential linearity was 1.5%. 
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111. DATA ANALYSIS AND CROSS SECl’ION TABLE 

A. Data Analysis 

The bit patterns were sorted into 256 x 256 plots of the 

front detector AE vs. the back detector E-AE. The mass of a 

particle stopping in the back element is given by the empirical 

formula 

kTF + iB)6 - (1) 

where u = 0.0133, B = 1.73, dF is the thickness of the front 

detector in mm, and TF(TB). is the energy deposited in the front 

(back) detector in KeV. Using Eq. (1) we define deutecons by 

the cuts 1.5 < m/m 
P 

< 2.5 and protons by the cuts 0.5 < m/zap < 1.5. 

The momentum distribution of the recoil is shown in Fig. 3. 

The momentum spectra were fitted over the range > 5.0 u (a is 

the Gaussian standard deviation1 to a formula which contained 

Gaussian plus exponential (background) terms. The number of 

elastic events was obtained after applying cuts at 24 e and sub- 

tracting the background, which was determined from the fit. 

The background was -1% except for the lowest It Ideuteron data 

where backgrounds was -3%. We have checked that fits made with 

different *smooth” background terms (linear, quadratic) give 

approximately the same result. Our low background is due to 

the long ion guide and good shielding. The width of the elastic 
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peak is’consistent with a total angular resolution of +O.S mrad 

expected from our jet size (r6 mm) and detector geometry (14 mmf. 

The good angular resolution led to a negligible (< 0.2%) inelas- 

tic background under the elastic peak, arising from reactions 

pp * Xp or pd -. Xd. 

The number of elastic events in each detector, AN, in solid 

angle AR, were converted to &/dt as follows: 

da _ AN 

m - mr 2mnnG] (‘)fixed / @)f ixed 
(2) 

vher; y)fixed and($)fi are fat the fixed monitors. g 

and g 
fixed 

are the number of elastic events after applying 

the geometrical and resolution correctons. At the smaliest I t I 

values our geometrical correction was about 1.5% and correction 

due to resolution about 7%. The correct normalization was ob- 

tained in the final fits from the optical theorem. 

B. Systematic Errors 

1. Angle 

The absolute angle of the detector assembly was determined 

from the energy of the elastic peaks wholly contained in the 

front detectors. Detectors were calibrated with an alpha par- 

ticle source, goTh 234 (5.446, 5.684, 6.04, 6.277, 6.774, 8.786 

MeV) . The absolute anqlgs determined from the elastic peaks 

and alpha particle energy calibrations, when compared with angle 
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data from survey measurements show our estimated angular uncer- 

tainty to be 2.0.15 mrad. Recent measurements with p/d and p/Re 

target mixtures indicate that this angle offset is independent 

of the particle type, range, or detector angle. Shielding reduced 

the magnetic field in our detector system to < 0.03 gauss. This 

minimized angular errors at very low It\. Due to our angular 

uncertainty the systematic error on dc/dt in the interference 

region is about 1%. 

2. Area - 

The uncertainty in detector area is tO.lS%. 

3. Nuclear Interactions 

The effect of deuteron and proton interactions fin the sili- 

con detector are approximately proportional to the particle range. 

For our t range the effects are < 0.07%. 

C. Cross Section Table 

The cross sections for p-p at 52, 80, 199, 261, 303, 398 GeV 

and for p-d at 49, 82, 182, 281, 379, 397 GeV are given in Table 

I. The errors listed are statistical. The absolute normalisa- 

tions, determined in the fits from the optical theorem point, 

are uncertain by =0.7% for p-p and =0.5% for p-d scattering. 

The p-p data at 398 GeV and the p-d data at 379 GeV are shown 

in figures 4 and 5. 



-lO- 

IV. DETERMINATION OF p 
PP 

AND Ppd 

Our results for p-p elastic cross sections, listed in Table 

1, have been fitted to the Bethe interference formula’which 

includes electromagnetic effects. 

(3) 

where the nuclear and Coulomb scattering amplitudes take the 

forms 

@tot 
fn = -4+Ppp + it e 

bt/2 

fc = q Gp2(t) .iufi 

(4) 

(5) 

The free parameters in the fit are ppp and the overall noemaliza- 

tion which sets a scale to the values listed in Table I. AP/Ab 

and Ap/Ao can be used to calculate the change in p due to a 

change in the assumed values of b and ptot. 

In Eq. (4) we have assumed that the real and imaginary parts 

have the same t dependence and that spin effects may be neglected. 

For otot and b we use empirical fits to the data of Carroll et 

al.,” otot(mb) = 50.866 - 5.2302 Ln Spp + 0.5437 an Spp, and 

Bartenev et al.,’ b(s) = 8.27 + 0.556 Pn S 
PP’ 

I’ In Eq. (5) a 

is the fine structure constant, Gp(t) - 1 

(1 + I tl/0.71)* 
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the pruton electromagnetic form factor, end a$ = 2atn - 

Coulomb phase with R = m mb l/2 

3 the 

. 

The X2 minimization results for P 
PP 

the ratio of the real 

to imaginary parts of the Eorward scattering amplitude,are listed 

in Table II. Typical x 2, s are 1.2-1.3 per degree of freedom. 

In Fig. 6 we show these values together with previously published 

results.“~” .Results on Ppp from the Fermilab experiment”’ 

are not shown on Fig. 6 since tab many points in the same energy 

region would be confusing. Our results are in agreement with 

the previous experiment and have somewhat smaller statistical 

and systematic errors. Furthermore in the present case tables 

of differential cross sections are given so readers may fit other 

models to the data. An empirical expression valid within our 

energy range is 

pep(s) = (-0.490 2 0.034) t (0.076 ? 0.006) Ln Spp. (6) 

The solid curve shown in Fig. 6 is derived from a dispersion 

relation 

(7) 

where aT and zT are proton-proton and anti-proton-proton total 

cross sections. The normalization of the curve (adjustment of 

C) is arbitrary using our data and that of Amaldi et al.’ The 

dashed curve in Fig. 6 is calculated assuming only vacuum exchange. 
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Our results for p-d elastic cross sections, listed tilso 

in Table I, have been fitted with Eq. (3), the Bethe interference 

formula, where we treat the deuteron as a single particle. In 

this case the nuclear amplitude is parameterized as a sum of 

exponentials”” 

f” = $? (Ppd + i) ebt12 

141.5t 26.lt 
(8) 

x 
C 

0.34e 4 + 0.58e 4 + 0.08e 

where we assume that b(s) = b 
PP 

= 8.27 + 0.556 9,” See and use 

an empirical fit to the published pd total cross section”“’ 

‘tot,pd (mb) = 99.73 - 9.40 an Spd t 0.829 en 2~pd. The Coulonb 

amplitude is written as 

fc = q Gp(t) Gd(t) eiaQ (9) 

with Gd(t) = e(25*95t + 60t2)/2 and afl = 2a L,, &!!!?!! 

R = 2.7 Gmb1’2. 

I” Table II we list our results for the ratio of the real 

to imaginary parts of the forward scattering amplitude, p 
ed’ 

An empirical expression valid in our energy range is: 

‘pd = (-0.450 2 0.035) + (0.070 ? 0.006) 9,” see (10) 

The main contribution to the systematic error in p pp (?0.009) 
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and in P pd (CO.008) is the angular uncertainty (0.15 mrad) 

In the position of the detectors." In Fig. 7 we show. 

our Ppd values together with previously published results.< 

The solid line shown is our p pp(s) parameterization, Eq. (6). 

Pertinent to our understanding of the relationship between 

‘ed 
and P 

PP 
is the following Glauber derivation. If one expresses 

the deuteron forward scattering amplitude as 

fd 
= fp t f" t i)S < re2 > 

d fp f" (11) 

where we know the deuteron inverse radius squared, < r -2 
'd = 

I G =, 0.033 mb-‘. (IG will be discussed in the next section.) 

If we further assume that the forward proton and neutron 

amplitudes are equal 

f" = f 
P = Us (Ppp t i) (12) 

then substitution of Eq. (12) into Eq. (11) and omission of the 

higher order pep 2 . . term, ~111 give 

Otot 
fd= m 'pp 

C 
(1 - b) + i (1 - (131 

In the above we use the notation of a Glauber screening parameter 

6 5 < r-2 atot > - = 0.111. The implication of Eq. (13) is that 
4" 

we would expect 
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Re Ed 

'%d 
.qJ. = 0.941 Pep. 

= q = Qpp. (1 - r) 

This is a relationship satisfied by the data in Table II and 

Table III and displayed in the lines draw" on Fig. 7. Both 

pPP 
and ppd cross zero at 335 GeV. Equation (14) predicts that 

‘ed 
and P pp will be zero at the same energy. Using the empir- * 

ical fits to our data (p = po + p1 Ln s) as expr.essed by Eqs. 

(6) and (1Or we find 

Plpd'Plpp = 0.92 i 0.11 (15) 

in good agreement with the prediction. Since the derivation 

is based upon the equivalency of the proton and neutron our 

results support the idea of isotopic spin invariance in proton 

neutron coliisions at high energies. 

V. THE GLAUBER AtiPROACH AND P 
P" 

In the Glaubcr approach'*"'-'6 elastic p-d scattering 

is described as a coherent sum of Coulomb, single-nucleon, and 

double-nucleon scattering. Assuming only s-wave contribution 

to the form factor and only elastic rescattering we can write 

-2 
g = d S(t/4) (AC + Ap + An) + 4 , (16) 

where 
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*C = ?$! e$pt/2 e irl 

% 
b t/Z 

+i)epp , 

b t/2 +i)epn , 

AG = elXcpn in cppcpn 

c4nn, 2 @PP + i) (13 + i) e t (b 
Pn 

pp + bpn)‘B 
lG’ 

S(t/4) is the deuteron form factor, b 
pp. bpnt pppe Ppn =nd Gpp’ 

opn are the slope Parameters, real to imaginary forward 

nuclear scattering-emplitude ratios, and total cross sections 

for Pp and pn scattering, respectively, and ‘I, x 
cP ’ Xcnf and 

X 
CP” 

are phases between the amplitudes. We assume t independence 

for p 
PP 

and p 
Pn’ 

as no experimental information exists on this 

point. IG is the Glauber intergeal: 

We calculate phases using the formulas in Ref. 12: 

X 
cP 

= 0.10, xc, = 0.11, x 
CP” 

= 0.10, 

n = W137.03) t+‘plab//13 - 0.577 

For the p-p total cross section we refer to the empirical 

formula given previously. We assume that o 
Pn = =pp- *Or bP” 
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= b 
PP 

we take the empirical fit,’ b 
PP 

= 6.27 + 0.556 .tn S 
PP’ 

For * 
PP 

we use.our measured values summarized in the empirical 

fit, !Zq. (6). The spherical deuteron focm factor, So (t/4) ,’ 

is given by a sum of exponentials 

S(t/4)=So (t/4)=Al e 
Bit/4 

+A2 e 
B2t/4 

+ (l-Al-AZ) e 
B3t/4 

(18) 

with the coefficients previously given in Eq. (8). Calculations 

show that inclusion of a quadrupole form factor is significant 

only at large 1 t 1 values and introduces a maximum contribution 

of = 1.6% at our highest 1 t\ . 

The results of the Glauber analysis are given in Table III 

and shown in Figs. 8 and 9. The free parameters are P 
P” 

and 

IG- One notes a larger statistical error on 0 
pn 

in comparison 

with the p 
pd 

statistical error. This is inherent in the analysis. 

Not shown in Fig. 8 are the systematic errors in our ppn values 

Introduced by uncertainty in the deuteron form factor S(t/4). 

These systematic errors are of the order of our statistical errors. 

In Fig. 8 is show” the total error corridor on our P 
PP 

results 

for comparison of the P 
P” 

values with P 
PP’ 

The shadow correction 

is shown in Fig. 9. We have also tried other hypotheses for 

b pnv e.g. using the empirical fit found in Ref. 4, b pn = 

5.57 f: 1.15 L” s 
PP’ 

Using this shrinkage instead of the more 

reasonable b 
P” = bPP 

shifts the ppn values up by about one stand- 

ard deviation. 
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In (16) we’neglected the Coulomb amplitude contribution 

to the double scattering term. This problem was considered by 

France and Varma.” For pd elastic scattering in the Serpukhov 

energy range they estimated that the difference between the 

Glauber formula which includes all double scattering terms and 

the more approximate Eq,; (16) is less than 2% for da/at in the 

Coulomb-nuclear interference region. The difference in the value 

Of Ppn obtained from the two fo&las is -0.03. Another com- 

plication is that in our energy range inelastic intermediate 

states may contribute to the double scattering term. It is not 

expected that inelastic and elastic contributions have the same 

t-dependence. 

To investigate how the problems menticned above may affect 

our result on Ppn we also determined p pn by another method using 

the Glauber formula for the pd elastic scattering forward nmpli- 

tude. Using (11) and the optical theorem one can derive the 

following: 

PP” 
= ok I (OpdPpd - uppPpp) (1 + < :,’ ‘d Opp) 

< r -2 

+ @pd-‘pp) 4n 
‘d 

e PPPPP’ (19 1 

TO estimate opn we used ppd given in Table II and parameterized 

OPP# Opa 
and P 

PP 
as described in Section IV. We assume (I 

P” = OPP 
and values for < r -2 

‘d = IG were taken from Table III. The 

systematic error in op” due to the uncert.einty in the double 
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scattering term is energy dependent and small compared to the 

statistical errors. If we assign an error of -20% to IG then 

the resulting systematic error in P 
P” 

is < .005. Comparison 

of P 
P” 

obtained from (16) (Table III) with those obtained from 

(19) (Table IV) show no significant difference between the two 

methods. 

VI. CONCLUSIONS 

Comparison of our pp data with dispersion relation calcula- 

tions show good agreement. By comparing OUL pp data with the 

prediction obtained from a simple vacuum exchange model we can 

estimate the importance of other exchanges (Fig. 6). 
pPP 

and 

*pd 
both cross zero at about 335 GeV. In Section V we showed 

that using a Gl.auber approach to obtain p 
P” 

we found no signi- 

ficant difference between ppp and p 
pn’ 

The shadow correction 

increases with energy (Fig. 9) but remains small, s 0.03 mb-‘. 
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12.82 
11.67 
9.64 
9.55 
5.25 
5.71 
5.61 
4.94 

:z 
5:3‘ 

:4: 
4142 
4.94 
4.9, 
4.26 
4.60 
3.15 
5.83 
4.25 
3.29 
4.92 
3.72 
4.87 
3.68 
3.18 
3.49 

:4: 
I:25 
4.42 
2.83 
4.40 
2.90 
2.16 
4.87 
4.84 

::: 
2.60 
2.92 
2.72 
2.90 
2.94 
2.67 
2.65 
2.37 
2.02 
1.7‘ 

::2 
2.62 
1.84 
2.04 
2.08 
li93 
1.57 
1.37 
1.13 
1.22 
2.03 
2.0, 
1.33 
1.01 

E 
1.72 
0.97 
1.51 
0.95 
0.8, 
0.67 
0.67 
0.55 
0.5‘ 
0.53 
0.45 
0.48 
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w * w 
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659.48 14.99 
318.31 6.52 
237.35 4.69 
219.13 6.10 
211.?3 3.78 
177.:4 5.10 
1‘4.27 4.85 
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139.:6 3.27 

132.95 133.34 :.;t 
125.61 
124.53 

$;: 

121.57 Z:?‘ 
116.95 2.41 
105.91 2.26 
103.98 2.41 
lW.37 2.85 
96.01 2.78 

96.61 93.52 :*:; 
91.91 1:86 
90.80 1.51 
Ql.c.9 1.74 
87.90 1.66 
86.13 2.65 
82.92 2.60 
86.95 1.45 
83.91 1.23 

83.43 83.82 1.:; 
79.44 2132 
83.28 1.50 
81.49 2.35 

81.04 81.43 :*1; 

73:31 x 

::::8" 

;:g ;:;g 

1:45 
71.18 1.30 
73.31 1.61 
70.31 1.21 
74.57 1.61 
68.99 1.3‘ 
69.20 1.63 
70.83 1.42 
65.71 1.48 
66.30 1.39 
66.29 1.45 
64.06 1.28 
68.03 1.30 

E E 
Eli:: 1:32 

60.66 x 
59.26 1:26 

pd * Vd 

337 GeV 

Nomlizatlon 
uncertainty 

0.36% 

E% 
0:00159 
0.001‘3 
o.wm 
O.WZ24 
o.w229 
0.00254 
O.W262 

t i%; 
o:w305 
0.00328 

:: :::i: 
0. w.437 
0.04434 
0.W472 

E%: 
O:W548 

E%: 
0:00721 
0.00792 
0.00909 
0.00988 
0.00996 
o.ow97 
0.01049 
0.01237 
0.01284 

EE 
0:01505 
0.01580 
0.01592 
0.01643 
0.01667 
0.01783 
0.01943 
0.02191 

t%:zi 
0:02654 

i-k%,” 
0:03057 
0.03127 
0.03160 

0.04167 

E,"Z 
Oh4498 
0.05153 

i%i:: r 
0:05876 
0.06‘02 
0.06627 

623.92 
467.53 
339.93 
335.24 
326.32 
318.28 
295.53 
282.28 
294.1, 
278.01 
269.49 
274.51 
260.60 
258.14 
255.22 
251.88 
233.75 
239.26 
239.41 
234.34 
23a.13 
222.26 
213.64 
212.77 
206.32 
195.55 
195.93 
187.85 
191.70 
180.48 
175.39 
162.43 
165.51 
157.18 
148.92 
147.99 
143.27 

;:x 
13O:ZO 
123.30 
118.09 
115.59 
104.03 

95.34 
97.89 
85.24 
84.98 
80.03 
79.5‘ 
75.31 
‘6.34 

K: 
g.:;; 

47:73 
49.42 
52.43 
41.73 
40.83 
33.85 
33.65 
26.39 
26.10 

9.80 
10.89 
14.24 
6.16 

IO.37 
10.55 
10.45 
4.16 
4.47 
4.80 
7.26 

11.54 
5.50 
6.01 

::% 
3.36 
3.15 

::; 
4.44 
2.83 

2.44 
6.87 
4.49 
6.68 
2.35 
4.45 
3.16 
5.25 

E 
6:34 
6.33 
2.45 
2.73 
2.18 
3.01 
3.42 
2.27 
3.18 
3.37 
3.37 
2.81 
2.76 
1.47 
1.27 
2.68 
1.20 
2.19 
1.22 
2.43 
1.03 
1.85 
1.16 
1.87 
1.74 
1 .JO 
1.07 
1.10 
1.00 
0.98 
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TABLE II 

Analysis Results 

'lab 
IGeV) 

Re A 
p=fm?i AP 

Adbb 

(GeV/c) 2 

AP/Ao 

(mb) -’ 

Reaction pp + pp (Systematic error in ppp, r 0.009) 

52 -0.153 0.012 0.038 -0.033 

80 -0.096 0.010 0.036 -0.035 

199 -0.034 0.009 0.025 -0.039 

261 -0.009 0.009 0.023 -0.032 

303 -0.011 0.008 0.024 -0.083 

398 +0.012 0.009 0.022 -0.028 

Reaction pp + pd (Systematic error in ppd, ? 0.008) 

49 -0.110 0.013 0.059 -0.011 

82 -0.113 o-.010 0.065 -0.011 

182 -0.037 0.009 0.058 -0.008 

281 -0.031 0.011 0.060 -0.007 

379 +0.003 0.010 0.046 -0.007 

397 +0.034 0.010 0.057 -0.008 
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TABLE III 

,Reaction Pd * pd Glauber Analysis Using Eq. (16) 

Elab OPn 
(GeV) 

APpn IG 
(mb)-' 

AIG 
(mb)-' 

49 -0.081 0.018 0.0281 0.0011 

82 -0.127 0.013 0.0298 0.0006 

182 -0.065 0.014 0.0333 0.0005 

281 -0.084 0.020 0.0348 0.0006 

379 -0.045 0.017 0.0362 0.0005 

397 +0.021 0.017 0.0346 0.0007 
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TABLB IV 

Reaction pd + pd. Glauber Analysis Using Eq. (19) 

'lab 
(GeV) %n APpn 

82 -0.127 0.021 

182 -0.031 0.019 

281 -0.052 0.023 

379 -0.003 0.021 
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FIGURE CAPTIONS 

Fig. 1: Schematic layout of experiment. The H2/02 gas jet fires 

vertically (perpendicular to figure). The detectors 

are on a movable ion,guide and at a constant distance 

of 7.5 m from the beam-jet intersection point. 

Fig. 2: Electronics schematic. 

Fig. 3: Typic'al deuteron elastic peak vs. momentum distribution. 

Fig. 4: Proton-proton differential cross section at beam energy 

398 Gel'. Pitted parameters: Normalization 0.3593 ? 0.0019 

mb 

(Ge!l/c2 ' 
P = 0.0121 ? 0.0085, X2/Npts = 76/61. 

Fig. 5: Proton-deuteron differential cross section at beam energy 

379 GeV. Fitted parameters: Normalization 0.2647 ? 0.0008 

mb 

(GeV/c2 
, P = 0.003 t 0.010, X2/Npts = 96/79. 

Fig. 6: The ratio of the real to the imaginary part of the for- 

ward p-p nuclear amplitude. The curves are I(dashedJ 

one Pomeron formula ReA = 5 e, II(solid) a dispersion 

relation calculation discussed in text. o - Ref. 17 

o- Ref. 5. X - Present experiment. 

Fig. 7: The ratio of the real to the imaginary part of the forward 

p-d nuclear amplitude. The solid line is the best fit 

pw = -0.450 + 0.070 I" s pp to the proton-deuteron results. 

The dashed line is our fit p(s) = -0.490 + 0.076 en Spp 

to the proton-proton results. o - Ref. 6. X - Present 

experiment. 

Fig. 8: The ratio of the,real to imaginary part of the forward 
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p-n amplitude. The error corridor shown is Ecom the 

empirical fit p(s) = (-0.490 t 0.034) + (0.076 2 0.006) 

Fins 
PP 

to the proton-proton results. o - Ref. 8. 

X - Present experiment. 

Pig. 9: The Glauber integral, IG, as a function of energy. 
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